INTRODUCTION {#SEC1}
============

Nascent peptides with certain specific sequences cause ribosome stalling during mRNA translation and thereby regulate gene expression ([@B1]--[@B5]). In prokaryotes, small open reading frames (ORFs) located in the 5′-leader regions of several genes encode regulatory nascent peptides that cause ribosome stalling in the middle of or at the stop codon of the small ORFs under specific conditions. Ribosome stalling in these small ORFs induces expression of the downstream cistron by destabilizing the secondary structure to make the Shine--Dalgarno sequence accessible ([@B1],[@B6]--[@B10]) or by inhibiting transcriptional termination before the downstream cistron ([@B11]). In eukaryotes, most documented regulatory nascent peptides are encoded by upstream open reading frames (uORFs), which are located in the 5′ untranslated regions (5′-UTRs). Although uORFs often negatively modulate the translational efficiency of the downstream main ORF, most uORFs exert their effects in a sequence-independent manner ([@B12]). By contrast, certain uORFs control translation of the main ORF in a peptide sequence-dependent manner ([@B1]--[@B5],[@B13]). In the previously characterized sequence-dependent regulatory uORFs, such as those in the cytomegalovirus *gpUL4*, fungal *arg-2* and *CPA1*, mammalian *AdoMetDC*, and *Arabidopsis thaliana AdoMetDC1* genes, the uORF-encoded peptides cause ribosome stalling at the stop codon of the uORF ([@B14]--[@B18]). The stalled ribosome prevents other scanning ribosomes from reaching the start codon of the main ORF, resulting in translational repression of the main ORF. In many of these uORF peptide-mediated translational regulations, a metabolite acts as an effector molecule. For example, arginine induces ribosome stalling in the *arg-2* and *CPA1* uORFs ([@B16],[@B17]), and polyamine induces ribosome stalling in the mammalian *AdoMetDC* and *A. thaliana AdoMetDC1* uORFs ([@B15],[@B18]). In both cases, the effector molecule is a metabolite produced by the pathway involving the main ORF-encoded enzyme ([@B15]--[@B18]). Therefore, the translational repression mediated by these uORF-encoded peptides acts as feedback regulation.

To date, only a limited number of regulatory nascent peptides have been found in prokaryotes and eukaryotes, and the prevalence of nascent peptide-mediated gene regulation is yet to be determined. In attempts to identify uORF-encoded regulatory peptides on a genome-wide scale, exhaustive searches for uORFs encoding conserved amino acid sequences, which are referred to as 'conserved peptide uORFs (CPuORFs)' ([@B19]), have been conducted in various organisms, such as mammals ([@B20]), plants ([@B19],[@B21]) and insects ([@B22]), using comparative genomic analyses. In plants, Hayden and Jorgensen identified 26 homology groups of CPuORFs by comparing uORF sequences between *A. thaliana* and rice homologous genes or among *A. thaliana* paralogous genes ([@B19]). Recently, Vaughn *et al.* additionally identified four homology groups of CPuORFs by comparing uORF sequences between *A. thaliana*, cotton, orange, soybean, grape and tobacco ([@B21]). For a more comprehensive identification of CPuORFs, we developed a BLAST-based program, BAIUCAS, which permits comparisons of uORF sequences of certain species to those of any other species in the expressed sequence tag databases. Using BAIUCAS, we identified 13 additional homology groups of *A. thaliana* CPuORFs that are conserved beyond *Brassicales* ([@B23]). These bioinformatic analyses revealed that a plant genome contains more than 40 homology groups of CPuORFs. However, it has not been assessed how many of the identified CPuORFs encode regulatory peptides that control main ORF translation.

In our previous report, we classified the recently identified plant CPuORFs into two classes based on the conservation pattern of their encoded amino acid sequences ([@B23]). In class I CPuORFs, the C-terminal amino acid sequence and the stop codon position are evolutionarily conserved. In class II CPuORFs, the amino acid sequence is conserved entirely or the N-terminal and/or middle region is conserved, but the stop codon position is not conserved. Cryo-electron microscopy studies by Bhushan *et al.* revealed that the C-terminal regions of the *gpUL4* and *arg-2* uORF-encoded nascent peptides interact with components of the ribosomal exit tunnel when ribosome stalling occurs at the uORF stop codon ([@B24]). Additionally, genetic and biochemical studies have revealed that interaction between a regulatory nascent peptide and the exit tunnel components is important for ribosome stalling ([@B7],[@B9],[@B25]--[@B31]). Considering these observations, class I CPuORFs may be more likely to encode a regulatory nascent peptide. However, the relationship between the conservation patterns of the CPuORF-encoded peptide sequences and the abilities as regulatory nascent peptides has not been addressed.

In this study, to address what percentage and type of CPuORFs encode regulatory peptides, we selected 16 recently identified *A. thaliana* CPuORFs, all of which belong to distinct homology groups, and analyzed the effects of their peptide sequences on the expression of the main ORF. From this analysis, we identified five novel peptide sequence-dependent regulatory uORFs that repress main ORF expression. Additionally, we found that CPuORFs belonging to class I have an increased tendency to encode regulatory peptides compared with class II CPuORFs. However, we identified one sequence-dependent regulatory uORF from class II CPuORFs, and found that it has an exceptional feature in that the C-terminal region of the encoded peptide is not important for the repression of the main ORF expression.

MATERIALS AND METHODS {#SEC2}
=====================

Plant material and growth condition {#SEC2-1}
-----------------------------------

*Arabidopsis thaliana* MM2d suspension cells ([@B32]) were cultured in modified Linsmaier and Skoog (LS) medium ([@B33]) at 26°C in the dark with orbital shaking at 130 rpm. Cells were transferred to fresh medium every week.

Plasmid construction {#SEC2-2}
--------------------

For cloning of the 5′-UTRs of *At1g6748*0 and *At3g55050*, poly(A)+ RNA was prepared from *A. thaliana* (Col-0 ecotype) flower buds and opened flowers using a Qiagen Plant RNeasy Mini Kit (Qiagen) and a GenElute mRNA Miniprep Kit (Sigma-Aldrich). For cloning of the 5′-UTRs of the other genes, poly(A)+ RNA was prepared from *A. thaliana* (Col-0 ecotype) seedlings using the same kits. cDNA of the 5′-UTRs was amplified from poly(A)+ RNA using the OneStep RT-PCR Kit (Qiagen) and the primers listed in Supplementary Table S1. The sense and antisense primers contained XbaI and SalI restriction endonuclease sites, respectively.

Plasmid pIE0, which harbors the cauliflower mosaic virus 35S RNA (35S) promoter, the 5′-UTR of the *A. thaliana AdoMetDC1* gene, the *Renilla* luciferase (RLUC) coding sequence and the polyadenylation signal of the *Agrobacterium tumefaciens* nopaline synthase (*NOS*) gene in pUC19, was used as the cloning vector for the amplified 5′-UTRs. To construct this vector, we first digested plasmid pSY209 ([@B18]), which contains the *AdoMetDC1* 5′-UTR and the *RLUC* coding sequence in the pSP64 Poly(A) vector (Promega), with XbaI and SmaI at sites downstream of *RLUC*, treated the digested DNA with a T4 DNA polymerase to fill in the XbaI end, and then ligated the blunt-ended XbaI site to the SmaI site to remove the XbaI and SmaI sites. The modified pSY209 was then digested with HindIII, treated with the Klenow fragment to fill in the digested ends, and digested with SacI. The HindIII--SacI fragment of the modified pSY209 containing the *AdoMetDC1* 5′-UTR and the *RLUC* coding sequence was inserted between the 35S promoter and the *NOS* polyadenylation signal of plasmid pMI4(WT) ([@B34],[@B35]) to generate pIE0, after pMI4(WT) was digested with XbaI, treated with the Klenow fragment, and digested with SacI.

The amplified 5′-UTR cDNA fragments containing the CPuORFs analyzed in this study were digested with XbaI and SalI and ligated between the XbaI and SalI sites of pIE0 to generate *35S::UTR:RLUC* reporter plasmids. The deletion and insertion mutations and the codon changes were introduced into the CPuORFs using the overlap extension polymerase chain reaction (PCR) method ([@B36]) with primers listed in Supplementary Tables S2--S8. In all of the constructs, sequence analysis confirmed the integrity of the PCR-amplified regions.

The *35S::UTR:FLUC* reporter plasmids carry the 5′-UTR of the *ANAC082, CIPK6, At3g15430, At5g27920* or *OTLD1* genes between the 35S promoter and a firefly luciferase (FLUC) coding sequence. To construct these plasmids, oligonucleotides LUCSalIF (5′-TCCTCTAGATATCAATCTCTTCTCAAAAGATGGCGTCGACCATGGAAGC-3′) and LUCSalIR (5′-GCTTCCATGGTCGACGCCATCTTTTGAGAAGAGATTGATATCTAGAGGA-3′) were annealed, digested with XbaI and NcoI and ligated into the XbaI and NcoI sites of pMI21(WT) ([@B37]) to yield pMT61. pMT61 was then digested with SalI and SacI, and the SalI-SacI fragment containing the *FLUC* coding sequence was ligated into the SalI and SacI sites of the *35S::UTR:RLUC* reporter plasmids to yield the *35S::UTR:FLUC* reporter plasmids.

Transient expression assay {#SEC2-3}
--------------------------

In the transient expression experiments, plasmid DNAs were introduced into MM2d protoplasts by electroporation or polyethylene glycol (PEG) treatment. To prepare protoplasts, MM2d cells were collected by centrifugation on the third day after transfer to fresh media and suspended in modified LS medium containing 1% (w/v) cellulase Onozuka RS (Yakult Pharmaceutical Industry), 0.5% (w/v) pectolyase Y23 (Seishin Pharmaceutical) and 0.4 M mannitol, and incubated at 26°C with gentle shaking until the suspension became turbid with protoplasts (∼3 h). The protoplasts were then washed five times with wash buffer (0.4 M mannitol, 5 mM CaCl~2~ and 12.5 mM NaOAc, pH 5.8).

For electroporation, protoplasts were suspended in electroporation buffer (5 mM morpholinoethanesulfonic acid, 70 mM KCl and 0.3 M mannitol, pH 5.8). Ten micrograms each of a *35S::UTR:RLUC* reporter plasmid and the *35S::FLUC* internal control plasmid, 221-LUC+ ([@B34],[@B38]), were mixed with 1.5 × 10^6^ protoplasts in 500 μl of electroporation buffer in an electroporation cuvette with a 4-mm electrode distance. Electroporation was carried out using a BTX Electro Cell Manipulator 600 with voltage, capacitance and resistance settings of 190 V, 100 μF and 480 Ω, respectively. The protoplasts were kept on ice for 30 min and then incubated at 25°C for 5 min, centrifuged (60 × *g*, 2 min at 25°C) and resuspended in 1 ml of the modified LS medium containing 0.4 M mannitol.

For PEG-mediated transfection, protoplasts were suspended in MaMg solution (5 mM morpholinoethanesulfonic acid, 15 mM MgCl~2~ and 0.4 M mannitol, pH 5.8). Five micrograms each of a *35S::UTR:RLUC* reporter plasmid, a *35S::UTR:FLUC* reporter plasmid and the *35S::GUS* internal control plasmid, pBI221 (Clontech), which carries an *Escherichia coli* β-glucuronidase (GUS) coding sequence under control of the 35S promoter, were mixed with 3 × 10^5^ protoplasts in 100 μl of MaMg solution and 110 μl of PEG solution (40% PEG4000, 0.5 M CaCl~2~, 0.4 M mannitol). This mixture was incubated for 15 min at room temperature, and diluted by adding 800 μl of wash buffer. The protoplasts were centrifuged (60 × *g*, 2 min at room temperature) and resuspended in 1 ml of the modified LS medium containing 0.4 M mannitol.

After 48 h of incubation at 23°C in the dark, cells were harvested and disrupted in 200 μl of extraction buffer \[100 mM(NaH~2~/Na~2~H)PO~4~, 5 mM dithiothreitol, pH 7\] by sonication on ice with a Branson Sonifier 250. A Dual-LUC Reporter Assay Kit (Promega) was used to measure the RLUC and FLUC activities. GUS activities were determined as described by Jefferson ([@B39]) with 4-methylumbelliferyl-β-D-glucuronide as the substrate, using a spectrofluorimeter (Hitachi, Fluorescence Spectrophotometer F-2500).

RESULTS {#SEC3}
=======

Identifying sequence-dependent regulatory uORFs {#SEC3-1}
-----------------------------------------------

Among the recently identified CPuORFs, we selected 16 CPuORFs for analysis of their sequence-dependent effects on main ORF expression. Ten of the CPuORFs (in the *ANAC082, ANAC096, ARF4, ATMPK20, CIPK6, At1g67480, At3g15430, At3g55050, At5g02480* and *At5g27920* genes) belong to class I, whereas six (in the *CIPK23, DIC1, OTLD1, At4g10170, At4g12790* and *At5g63640* genes) belong to class II ([@B23]).

To investigate the regulatory functions of these CPuORFs, the 5′-UTR of each gene was amplified by reverse transcription PCR (RT-PCR) using primers designed based on full-length cDNA sequence information available at the Arabidopsis Information Resource (TAIR) website (<http://arabidopsis.org/>) (Figure [1](#F1){ref-type="fig"}, Supplementary Figure S1, Table S1). According to the current TAIR gene models (TAIR10), splice variant forms of the 5′-UTRs exist for some of the selected genes. In fact, multiple bands were detected when the 5′-UTRs of some genes were amplified by RT-PCR. In all such cases, the most abundant RT-PCR product was cloned and sequencing confirmed the presences of the CPuORFs in the cloned 5′-UTRs (Supplementary Figure S1). Each cloned 5′-UTR was fused to the *RLUC* coding sequence and placed under the control of the 35S promoter (Figure [2A](#F2){ref-type="fig"}).

![Schematic representation of the 5′-UTRs containing CPuORFs analyzed in this study. Shaded, open and closed boxes represent the CPuORFs, the other uORFs and the main ORFs, respectively. Arrows indicate the positions of primers used to clone the 5′-UTRs. The translation initiation contexts of the first and internal in-frame AUG codons of each CPuORF are shown.](gkv018fig1){#F1}

![Search for sequence-dependent regulatory uORFs. (**A**) Schematic representation of the WT (*35S::UTR(WT):RLUC*) and fs mutant (*35S::UTR(fs):RLUC*) reporter constructs. The hatched box in the fs mutant CPuORF shows the frame-shifted region. Although only a single uORF is depicted in each construct, the actual 5′-UTRs of some genes have multiple uORFs. See Figure [1](#F1){ref-type="fig"} and Supplementary Figure S1 for the exact 5′-UTR structure of each gene and the exact positions of the fs mutations in each CPuORF. The polyadenylation signal of the *Agrobacterium tumefaciens NOS* gene is designated as 'ter'. (**B** and **C**) Transient expression studies of class I (B) and class II (C) CPuORFs. The reporter plasmids containing the WT or fs mutant CPuORF of each gene were co-transfected with the *35S::FLUC* internal control plasmid into MM2d protoplasts by electroporation. After 48 h of incubation, the transfected cells were harvested and disrupted for luciferase assay. RLUC activity was normalized to FLUC activity, and the relative activity to that of the corresponding WT construct was calculated. Means ± S.D. of at least three biological replicates are shown. Each graph is representative of two or more separate experiments using independently prepared protoplasts. Single and double asterisks indicate significant differences between the WT and fs constructs at *P* \< 0.05 and *P* \< 0.01 by *t*-test, respectively.](gkv018fig2){#F2}

To assess the sequence-dependence of the effect of each CPuORF on main ORF expression, frameshift (fs) mutations were introduced to alter the amino acid sequence of each CPuORF. A +1 or −1 fs mutation was introduced upstream or in the conserved region of each CPuORF, and another fs mutation was introduced before the stop codon to shift the reading frame back to the original frame (Supplementary Figure S1). In the *AT3G55050* CPuORF, two sets of fs mutations were introduced to avoid changing the length of ORF beginning at the internal Met codon, Met-40 (Supplementary Figure S1K). In the *ANAC096, OTLD1* and *AT4G12790* CPuORFs, introduction of the fs mutations generated an in-frame premature stop codon. Therefore, an additional nucleotide change was made to replace the premature stop codon by an amino acid-encoding codon (Supplementary Figure S1B, H and M). In the *ATMPK20, CIPK6, CIPK23, AT1G67480, AT3G55050* and *AT4G12790* genes, another uORF overlaps with the CPuORF (Figure [1](#F1){ref-type="fig"}, Supplementary Figure S1D, E, F, I, K and M). In these cases, fs mutations were introduced leaving the presence and length of the overlapping uORF unaltered, because alteration in the presence or length of other uORFs may affect the main ORF expression.

The *35S::UTR:RLUC* reporter plasmid containing the wild-type (WT) or fs mutant version of each CPuORF was introduced into protoplasts prepared from *A. thaliana* MM2d suspension cultured cells. After 48 h of incubation, cells were harvested and disrupted for analysis of RLUC activity. As shown in Figure [2](#F2){ref-type="fig"}, among the class I CPuORFs, the fs mutants of the *ANAC082, CIPK6, At3g15430* and *At5g27920* CPuORFs exhibited a more than two-fold increase in RLUC activity level compared with the corresponding WT (Figure [2B](#F2){ref-type="fig"}). In five of the remaining class I CPuORFs, the fs mutations had weaker effects, with 1.2- to 1.5-fold increases. By contrast, the *At1g67480* uORF mutant showed no significant effect (Figure [2B](#F2){ref-type="fig"}). Among the class II CPuORFs, the fs mutations of the *OTLD1* and *At4g10170* CPuORFs significantly enhanced the RLUC activity by 2.1- and 1.4-fold, respectively (Figure [2C](#F2){ref-type="fig"}). The fs mutations of the other class II CPuORFs had no significant effect (Figure [2C](#F2){ref-type="fig"}). These results suggest that nine class I CPuORFs and two class II CPuORFs may have a sequence-dependent inhibitory effect on main ORF expression. We further analyzed the five CPuORFs whose fs mutation caused a more than two-fold increase in reporter expression level.

Peptides translated from the five CPuORFs repress main ORF expression {#SEC3-2}
---------------------------------------------------------------------

In the fs mutants, only a few nucleotide changes were introduced into each CPuORF, whereas most amino acid residues in the frameshifted region were altered. However, it is possible that those nucleotide changes affected main ORF expression independently of CPuORF-encoded peptide function; for example, by altering the secondary structure of the mRNA. To address this possibility, we eliminated the start codon of the *ANAC082, CIPK6, At3g15430, At5g27920* and *OTLD1* CPuORFs by changing them to an AAG codon, and tested if the fs mutations of these uORFs affected main ORF expression even in the absence of the uORF start codon by the transient expression assay. In the *ANAC082* CPuORF, the internal Met codon, Met-20, was also replaced by an AAG codon. In all of the CPuORFs tested, eliminating the start codon elevated RLUC activity, indicating that translation of these CPuORFs have an inhibitory effect on main ORF expression (Figure [3](#F3){ref-type="fig"}). However, the fs mutations caused no further increase in RLUC activity in the absence of the CPuORF start codon (Figure [3](#F3){ref-type="fig"}). These results indicate that the effects of the fs mutations of the five CPuORFs depend on translation of the CPuORFs, and suggest that the peptides encoded by these CPuORFs are responsible for the sequence-dependent inhibitory effect on main ORF expression.

![Effect of the fs mutation in the presence and absence of the uORF start codon. (**A**--**E**) Transient expression studies of the *ANAC082* (A), *CIPK6* (B), *At3g15430* (C), *At5g27920* (D) and *OTLD1* (E) CPuORFs. The *35S::UTR:RLUC* reporter plasmids carrying the WT CPuORF, the mutant CPuORF lacking the start codon (ΔAUG), the fs mutant CPuORF or fs ΔAUG double mutant CPuORF of each gene was co-transfected with the *35S::FLUC* internal control plasmid into MM2d protoplasts by electroporation, and the reporter activities were analyzed as in Figure [2](#F2){ref-type="fig"}. Means ± S.D. of at least three biological replicates are shown. Each graph is representative of two or more separate experiments using independently prepared protoplasts. Double asterisks indicate a significant difference between two constructs (*P* \< 0.01 by *t*-test), whereas 'n/s' indicates non-significant difference (*P* ≥ 0.05 by *t*-test).](gkv018fig3){#F3}

The newly identified regulatory uORF peptides act in cis {#SEC3-3}
--------------------------------------------------------

If the peptides encoded by the five CPuORFs function as regulatory nascent peptides to repress main ORF expression, as do the previously characterized regulatory uORF peptides, they should act in cis to exert their effects only on the downstream main ORF on the same mRNA. To address this hypothesis, we tested whether the five CPuORFs acted in cis or in trans to repress main ORF expression. For this analysis, the 5′-UTR containing the WT or fs version of each CPuORF was fused to the *FLUC* reporter gene and placed under control of the 35S promoter to yield *35S::UTR:FLUC* reporter plasmids (Figure [4A](#F4){ref-type="fig"}). The *35S::UTR:FLUC* reporter plasmid harboring the WT or fs version of each CPuORF was co-transfected into MM2d protoplasts with the *35S::UTR:RLUC* reporter plasmid carrying the WT or fs version of the corresponding CPuORF. As shown in Figure [4](#F4){ref-type="fig"}, for all the CPuORFs analyzed, the reporter activities of each reporter plasmid were not significantly different, regardless of whether it was co-transfected with the WT or fs version of the other reporter plasmid. These results indicate that neither the WT nor the fs mutant CPuORF affected the reporter activity of the other reporter plasmid, and suggest that the peptides encoded by these five CPuORFs act in cis to repress main ORF expression.

![The peptides encoded by the five sequence-dependent CPuORFs act in cis. (**A**) Schematic representation of the *35S::UTR:FLUC* and *35S::UTR:RLUC* reporter constructs. (**B**--**F**) Transient expression studies of the co-transfected *35S::UTR:RLUC* and *35S::UTR:FLUC* reporter plasmids. MM2d protoplasts were co-transfected with three plasmids, the *35S::UTR:FLUC* and *35S::UTR:RLUC* reporter plasmids and the *35S::GUS* internal control plasmid, by PEG treatment. The *35S::UTR:FLUC* and *35S::UTR:RLUC* reporter plasmids contained the WT or fs version of the *ANAC082* (B), *CIPK6* (C), *At3g15430* (D), *At5g27920* (E) or *OTLD1* (F) CPuORFs. Co-transfection was carried out for all four combinations for each CPuORF, as indicated. After 48 h of incubation, the transfected cells were harvested and disrupted for luciferase and GUS assays. FLUC and RLUC activities were normalized to GUS activity, and the FLUC and RLUC activities relative to those in the experiment where both reporter plasmids had the WT CPuORF were calculated. Means ± S.D. of at least three biological replicates are shown. Each graph is representative of two or more separate experiments using independently prepared protoplasts. In each graph, bars with the same colors are not significantly different, whereas bars with different colors differ significantly (*P* \< 0.05 by *t*-test).](gkv018fig4){#F4}

Identification of critical residues of the uORF-encoded regulatory peptides {#SEC3-4}
---------------------------------------------------------------------------

To identify critical amino acid residues of the five CPuORF-encoded peptides responsible for the inhibitory function, we next performed Ala scanning mutagenesis. Several amino acids of each CPuORF peptide were individually changed to Ala, and their effects on expression of the downstream *RLUC* reporter gene were examined by the transient expression assay. To compare the functional importance of the amino acid residues in the CPuORF peptides and their evolutionary conservation levels, conservation scores ([@B40]) were calculated based on the alignments shown in Supplementary Figure S2 and indicated below the graphs showing data of the transient expression assays in Figure [5](#F5){ref-type="fig"}.

![Alanine scanning of the five sequence-dependent CPuORFs. (**A**--**E**) Effects of Ala substitutions and conservation scores of amino acid residues in the *ANAC082* (A), *CIPK6* (B), *At3g15430* (C), *At5g27920* (D) and *OTLD1* (E) CPuORFs. The *35S::UTR:RLUC* reporter plasmid harboring a WT CPuORF or its mutant with an Ala substitution was co-transfected with the *35S::FLUC* internal control plasmid into MM2d protoplasts by electroporation, and the reporter activities were analyzed as in Figure [2](#F2){ref-type="fig"}. Means ± S.D. of at least three biological replicates are shown. Each graph is representative of at least two separate experiments using independently prepared protoplasts. Single and double asterisks indicate significant differences from the corresponding WT at *P* \< 0.05 and *P* \< 0.01 by *t*-test, respectively. The amino acid sequence of each CPuORF is indicated below the graph. Amino acid residues analyzed in the Ala scanning mutagenesis are shown in bold. The numbers below the amino acid residues indicate the positions of the residues in each CPuORF peptide. Conservation scores of the amino acid residues of each CPuORF were calculated based on the alignments presented in Supplementary Figure S2, using the Scorecons server ([@B40]), and shown in the graph below the numbers indicating the positions of the amino acid residues.](gkv018fig5){#F5}

In the *ANAC082* CPuORF peptide, the C-terminal region comprising the 24th to the 37th amino acid residues is highly conserved (Figure [5A](#F5){ref-type="fig"}, Supplementary Figure S2A). As shown in Figure [5A](#F5){ref-type="fig"}, all the Ala substitutions tested in this region increased RLUC activity compared with the WT, suggesting that this region is crucial for the repression of main ORF expression. Even the Ala substitution of Q29, which shows a low conservation score, had a strong effect (Figure [5A](#F5){ref-type="fig"}). By contrast, the Ala substitutions introduced outside of the highly conserved region exhibited no significant effect. Although Y19 and M20 are highly conserved, we did not test Ala substitutions of these residues because they may also affect translation initiation from M20 and it would be difficult to assess their effects solely on the peptide function.

In the *CIPK6* CPuORF peptide, the C-terminal region comprising the 20th to the 32nd amino acid residues is highly conserved (Figure [5B](#F5){ref-type="fig"}, Supplementary Figure S2B). As shown in Figure [5B](#F5){ref-type="fig"}, many of the Ala substitutions in this region affected RLUC activity. Of these, D31A had a stronger repressive effect than the WT. Among the Ala substitutions introduced outside of the highly conserved region, only R17A caused an increase in RLUC activity; however, its effect was much weaker than the Ala substitutions of Arg residues in the highly conserved region (R22 and R26). These results suggest that the C-terminal region comprising 12 amino acid residues is critical for the repression of main ORF expression and that R17 may have an accessory role.

The *At3g15430* CPuORF peptide has a long highly conserved C-terminal region comprising the 19th to the 48th amino acid residues (Figure [5C](#F5){ref-type="fig"}, Supplementary Figure S2C). Of the first four amino acid residues in the highly conserved region, three residues showing relatively high conservation scores (P19, F20 and Y22) were individually replaced by Ala, and their effects were tested. As shown in Figure [5C](#F5){ref-type="fig"}, none of them exhibited a significant effect. By contrast, in the remaining C-terminal highly conserved region, many of the Ala substitutions did affect RLUC activity level. These results suggest that the C-terminal region comprising 26 amino acid residues is important for the repression of main ORF expression.

In the *At5g27920* CPuORF peptide, the C-terminal region comprising the 19th to the 34th amino acids is relatively highly conserved, and the region comprising the 10th to 18th amino acid residues is weakly conserved (Figure [5D](#F5){ref-type="fig"}, Supplementary Figure S2D). In the highly conserved region, all the Ala substitutions tested increased RLUC activity except for S21A. By contrast, none of the Ala substitutions in the weakly conserved region showed a significant effect, except that R12A slightly upregulated RLUC activity (Figure [5D](#F5){ref-type="fig"}). These results suggest that the C-terminal highly conserved region is crucial for the repression of main ORF expression, and that R12 in the weakly conserved region may have an accessory role.

In the *OTLD1* CPuORF peptide, the region comprising the 20th to 33th amino acid residues is highly conserved (Figure [5E](#F5){ref-type="fig"}, Supplementary Figure S2E). In addition, the region comprising the 16th to 18th amino acid residues is weakly conserved. In the highly conserved region, many of the Ala substitutions tested enhanced RLUC activity level. In the weakly conserved region, S16A slightly increased RLUC activity (Figure [5E](#F5){ref-type="fig"}). These results suggest that the highly conserved region is important for the repression of main ORF expression, and that S16 in the weakly conserved region may have an accessory role.

Overall, the Ala scanning mutagenesis revealed that, in the newly identified regulatory uORF peptides, the regions comprising 12 to 26 amino acid residues in the highly conserved regions have a pivotal role in the repression of main ORF expression, and that, in some of the uORF peptides, the weakly conserved region located upstream of the highly conserved region may have an accessory role. In the *ANAC082* CPuORF, Q29A exhibited a strong effect despite its low conservation, whereas G20A and H28A in *CIPK6*, F34A in *At3g15430* and P26A in *OTLD1* showed no significant effect despite their high conservation. These results suggest that changes of these amino acid residues to certain specific amino acids are tolerated, but changes to the other amino acids are not.

Synonymous codon changes in the critical region {#SEC3-5}
-----------------------------------------------

Although the analysis in Figure [3](#F3){ref-type="fig"} suggested that the peptides encoded by the five CPuORFs are responsible for main ORF repression, to further confirm the peptide sequence-dependence of the effects of the five CPuORFs, we investigated the effects of synonymous codon changes in the crucial region of the five CPuORFs. For this analysis, we introduced synonymous changes in the Arg codons in the crucial region of each CPuORF, because the Ala substitutions of the Arg residues showed relatively strong effects in many cases (Figure [5](#F5){ref-type="fig"}) and two of three nucleotides in an Arg codon can be altered synonymously. We examined the effects of the synonymous codon changes in the five CPuORFs on expression of the downstream *RLUC* reporter gene by the transient expression assay. As shown in Figure [6](#F6){ref-type="fig"}, in all five CPuORFs, none of the synonymous changes tested affected RLUC activity, in contrast to the effects of the Ala substitutions of the same codons. These results confirmed that the amino acid sequences of the five CPuORFs are responsible for the sequence-dependent inhibitory effects on main ORF expression.

![Effects of synonymous codon changes in the five CPuORFs. (**A**--**F**) Transient expression studies to compare the effects of Ala substitutions and synonymous codon changes in the *ANAC082* (A), *CIPK6* (B), *At3g15430* (C), *At5g27920* (D) and *OTLD1* (E and F) CPuORFs. The *35S::UTR:RLUC* reporter plasmid harboring a WT CPuORF or its mutant with an Ala substitution or a synonymous codon change was co-transfected with the *35S::FLUC* internal control plasmid into MM2d protoplasts by electroporation, and the reporter activities were analyzed as in Figure [2](#F2){ref-type="fig"}. Means ± S.D. of at least three biological replicates are shown. Each graph is representative of three separate experiments using independently prepared protoplasts. Single and double asterisks indicate significant differences between two constructs at *P* \< 0.05 and *P* \< 0.01 by *t*-test, respectively, whereas 'n/s' indicate a non-significant difference. In (A) and (D), the data for the R24A, R34A and R26A mutants are the same as those presented in Figure [5A](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}.](gkv018fig6){#F6}

The 3′ non-conserved region and the stop codon position of the *OTLD1* uORF are not important {#SEC3-6}
---------------------------------------------------------------------------------------------

The C-terminal amino acid sequence and the stop codon position of the *OTLD1* CPuORF are not evolutionarily conserved (Supplementary Figure S2E), implying that the C-terminal region of the *OTLD1* CPuORF-encoded peptide is not essential for the repression of main ORF expression. To address this possibility, we generated a deletion series of the 3′ non-conserved region of the *OTLD1* CPuORF (Figure [7A](#F7){ref-type="fig"}). The changes in the uORF length by these deletions may affect gene expression, regardless of the function of the uORF peptide, because the efficiencies of translational reinitiation following uORF translation and uORF-induced nonsense-mediated mRNA decay depend on uORF size ([@B41],[@B42]). Therefore, to assess the effects of the deletions solely on the uORF peptide function, we also constructed an fs version (fs2) of each deletion mutant (Figure [7A](#F7){ref-type="fig"}) and compared the effects of the deletion mutant *OTLD1* CPuORFs on expression of the downstream *RLUC* reporter gene with those of their corresponding fs versions, using the transient expression assay. As shown in Figure [7B](#F7){ref-type="fig"}, even in the presence of any of these deletions, the fs2 mutation showed a similar effect to that in their absence. These results suggest that the C-terminal non-conserved region of the *OTLD1* CPuORF-encoded peptide is not essential for the repression of main ORF expression. Additionally, these results also suggest that the stop codon position of the *OTLD1* CPuORF is not important for the repression, because the position of the stop codon was moved four or five codons upstream in the deletion mutants.

![The 3′-non-conserved region and the stop codon of the *OTLD1* CPuORF are not important for the peptide sequence-dependent repressive effect. (**A**) Amino acid sequences of the WT *OTLD1* CPuORF and its mutants with a deletion (ΔPWDI, ΔWDIL or ΔPWDIL) and/or a fs (fs2) mutation. The frameshifted region in the fs2 mutant is underlined. Hyphens indicate the deleted amino acid residues. (**B**) Transient expression assay to test the effect of the C-terminal deletion series. (**C**) Amino acid sequences of the WT *OTLD1* CPuORF and its mutants with the Ala substitution of the stop codon (Stop39A) and/or a fs mutation. Asterisks represent stop codons. The frameshifted region in the fs mutant is underlined. (**D**) Transient expression assay to examine the effect of uORF stop codon elimination. In (B) and (D), the *35S::UTR:RLUC* reporter plasmids containing the WT or mutant *OTLD1* CPuORF whose sequence is presented in (A) and (C), respectively, was co-transfected with the *35S::FLUC* internal control plasmid into MM2d protoplasts by electroporation, and the reporter activities were analyzed as in Figure [2](#F2){ref-type="fig"}. Means ± S.D. of four and three biological replicates are shown in (B) and (D), respectively. Each graph is representative of two or more separate experiments using independently prepared protoplasts. Double asterisks indicate a significant difference between two constructs (*P* \< 0.01 by *t*-test).](gkv018fig7){#F7}

To further confirm the unimportance of the stop codon position of the *OTLD1* CPuORF, we next substituted an Ala codon for the stop codon (Stop39A) (Figure [7C](#F7){ref-type="fig"}). This Ala substitution moved the stop codon position six codons downstream, because there is another in-frame stop codon six codons downstream of the original stop codon (Supplementary Figure S1H). We compared the effect of the CPuORF carrying the Stop39A mutation on the *RLUC* gene expression with that of its fs version using the transient expression assay. As shown in Figure [7D](#F7){ref-type="fig"}, even in the presence of the Stop39A mutation, the fs mutation exhibited a similar effect to that in its absence. This result suggests that the stop codon position of the *OTLD1* CPuORF is not critical for the repression of main ORF expression.

DISCUSSION {#SEC4}
==========

Previously, ∼10 peptide sequence-dependent regulatory uORFs have been reported in eukaryotes ([@B2]--[@B3],[@B43]--[@B46]). In plants, although five CPuORFs have been reported to be involved in the regulation of main ORF expression ([@B44],[@B46]--[@B51]), to date, their peptide sequence-dependence has only been shown in two of them ([@B44],[@B46]). In the present study, we analyzed 16 *A. thaliana* CPuORFs for their effects on main ORF expression, and identified five novel regulatory uORFs that control main ORF expression in a peptide sequence-dependent manner.

Identification of peptide sequence-dependent regulatory uORF {#SEC4-1}
------------------------------------------------------------

Of the CPuORFs analyzed in this study, the fs mutations of the *ANAC082, CIPK6, At3g15430, At5g27920* and *OTLD1* CPuORFs conferred a more than two-fold increase in main ORF expression compared with their corresponding WT constructs (Figure [2](#F2){ref-type="fig"}). The effects of the fs mutations were abolished in the absence of the uORF start codon (Figure [3](#F3){ref-type="fig"}). These results indicated that translation of the CPuORFs is required for the fs mutations to exert their effects, and suggested that the effects of the fs mutations are caused by amino acid sequence alterations of the CPuORFs rather than by nucleotide sequence changes. Another possibility to explain the dependence of the fs mutations\' effects on uORF translation is that the fs mutations affected the translation initiation efficiencies of the CPuORFs, and that the reduced translation efficiencies of the CPuORFs resulted in increased main ORF translation. However, this possibility is unlikely for the following reasons: firstly, in the five CPuORFs, the fs mutations were introduced more than eight nucleotides downstream of the uORF start codon (Supplementary Figure S1A, E, H, J and O), and, therefore, the fs mutations did not change the translation initiation context sequence ([@B52],[@B53]). Secondly, in all five CPuORFs, some Ala substitutions introduced at positions further away from the uORF initiation codon and in different positions from the fs mutations showed similar effects to the corresponding fs mutation (Figure [5](#F5){ref-type="fig"}). Furthermore, synonymous codon changes introduced at codons whose Ala substitution elevated main ORF expression showed no significant repressive effect (Figure [6](#F6){ref-type="fig"}). These observations strongly suggest that the peptides encoded by these five CPuORFs function to repress main ORF expression.

Of these five CPuORFs, only the *OTLD1* CPuORF belongs to class II, whereas the other four CPuORFs belong to class I. Among the remaining class I CPuORFs analyzed, the fs mutations of the *ATMPK20, At3g55050* and *At5g02480* CPuORFs conferred ∼1.5-fold increases in the main ORF expression level compared with their corresponding WT (Figure [2B](#F2){ref-type="fig"}), suggesting that these CPuORFs may have a modest sequence-dependent repressive effect, although further mutational analyses are necessary to establish the peptide sequence-dependence of these uORFs. The remaining class I CPuORFs (*At1g6748*0, *ANAC096* and *ARF4* uORFs) exhibited little or no significant sequence-dependent effect on main ORF expression (Figure [2B](#F2){ref-type="fig"}). The amino acid sequence conservations of these three CPuORFs are relatively low in *A. thaliana* compared with those of other plant orthologs ([@B23]). Therefore, little or no significant sequence-dependent effects of these CPuORFs are likely because of the low sequence conservation. By contrast, in only two of the six class II CPuORFs, the fs mutations exhibited a significant effect on main ORF expression. In particular, the *CIPK23* and *DIC1* CPuORFs showed no sequence-dependent effect, despite their highly conserved amino acid sequences (Figure [2C](#F2){ref-type="fig"}) ([@B23]). These observations suggest that class I CPuORF peptides tend to possess a regulatory function that controls main ORF expression, compared with class II CPuORF peptides. However, in all the transient assays performed in this study, the protoplasts were cultured under normal culture conditions; therefore, we cannot rule out the possibility that the CPuORFs that showed little or no sequence-dependent effect may exert their effects under certain specific conditions. In fact, many of the previously reported sequence-dependent regulatory uORFs repress main ORF translation in response to metabolites, such as polyamine, arginine and sucrose ([@B15]--[@B18],[@B46]). Therefore, it is possible that the CPuORFs that showed little or no sequence-dependent effect in this study may require a metabolite as an effector molecule to exert their effects, and that the cellular concentration of the metabolite was not sufficient under our conditions.

Possible mechanisms of gene expression control by the newly identified regulatory uORF peptides {#SEC4-2}
-----------------------------------------------------------------------------------------------

The co-transfection assays in Figure [4](#F4){ref-type="fig"} revealed that the peptides encoded by the five newly identified sequence-dependent uORFs act in cis to repress main ORF expression, suggesting that these uORF peptides function as regulatory nascent peptides. The most likely underlying mechanism for the repression is that the nascent peptides encoded by these uORFs cause ribosome stalling. Genetic and biochemical studies have revealed that some regulatory nascent peptides cause ribosome stalling by interacting with components of the ribosomal exit tunnel ([@B7],[@B9],[@B25]--[@B31]). Cryo-electron microscopy studies have observed how regulatory nascent peptides interact with exit tunnel components. In prokaryotes, several of the C-terminal 16 and 11 amino acid residues in the TnaC and SecM nascent peptides interact with exit tunnel components when ribosome stalling occurs ([@B54],[@B55]). In eukaryotes, several of the C-terminal 16 and 19 amino acid residues in the *gpUL4* and *arg-2* uORF-encoded nascent peptides interact with exit tunnel components ([@B24]). Ala scanning mutagenesis in this study revealed that, in the five newly identified regulatory uORF peptides, the regions comprising 12 to 26 amino acid residues in the highly conserved regions have a pivotal role for the repression of main ORF expression (Figure [5](#F5){ref-type="fig"}). Thus, the lengths of the crucial regions in these uORF peptides are roughly consistent with those of the regions interacting with the exit tunnel components in the previously characterized regulatory nascent peptides. In some of the newly identified uORF peptides, an Ala substitution in the weakly conserved region located upstream of the highly conserved region showed a weak effect on reporter expression (Figure [5](#F5){ref-type="fig"}). This suggested that the weakly conserved regions might have an accessory role in ribosome stalling. Alternatively, because a eukaryotic ribosomal exit tunnel holds 30--40 amino acid residues ([@B56],[@B57]) and, therefore, the weakly conserved regions in the nascent uORF peptides should be inside the exit tunnel when ribosome stalling occurs, the Ala substitutions in the weakly conserved regions may have affected the structure or position of the crucial region in the nascent peptide to some extent, resulting in a slight impairment of the uORF peptide function.

The Ala scanning mutagenesis also indicated that, in the peptides encoded by *ANAC082, CIPK6, At3g15430* and *At5g27920* CPuORFs, all of which belong to class I, the crucial regions are located at the C-terminus. By contrast, the deletion analysis of the *OTLD1* CPuORF, which belongs to class II, revealed that the C-terminal five amino acid residues are essentially dispensable for the repression of main ORF expression (Figure [7B](#F7){ref-type="fig"}). If the *OTLD1* CPuORF-encoded peptide causes ribosome stalling by interacting with exit tunnel components, it is unlikely that the ribosome is stalled at the uORF stop codon as seen in the *gpUL4* and *arg-2* uORFs, because deletion of the C-terminal five amino acid residues, which would change the position of the crucial region of the uORF-encoded peptide in the exit tunnel if ribosome stalling occurs at the stop codon, had little effect (Figure [7B](#F7){ref-type="fig"}). Additionally, elimination of the stop codon, which changed the stop codon position to one six codons downstream from the original position, did not affect the sequence-dependent inhibitory effect of the *OTLD1* CPuORF (Figure [7D](#F7){ref-type="fig"}). Therefore, it is more likely that ribosome stalling occurs at the translation elongation step before the 3′-terminal non-conserved region of the *OTLD1* CPuORF. In prokaryotes, there are examples of nascent peptide-mediated translation elongation arrest, in which ribosomal stalling occurs in the middle of small ORFs ([@B1],[@B4]). In eukaryotes, the regulatory nascent peptide encoded by the *A. thaliana CGS1* gene causes ribosomal stalling in the middle of the main ORF ([@B58],[@B59]). However, in all of the previously characterized regulatory uORFs in which the stall position has been determined (i.e. the *gpUL4, arg-2, CPA1*, mammalian *AdoMetDC* and *A. thaliana AdoMetDC1* uORFs), ribosome stalling mainly occurs at the uORF stop codon ([@B14]--[@B18],[@B60]), although the *arg-2* uORF-encoded peptide can cause ribosomal stalling at the translation elongation step if the uORF stop codon is removed ([@B61]). Therefore, the *OTLD1* CPuORF-mediated regulation may involve, at least in part, a distinct mechanism from the regulation mediated by the previously characterized native uORF peptides.

In the analysis of Figure [3](#F3){ref-type="fig"}, eliminating the start codon of the *At5g27920* and *OTLD1* CPuORFs caused stronger derepression than the corresponding fs mutation; whereas, in the *ANAC082, CIPK6* and *At3g15430* CPuORFs, start codon elimination and the fs mutation showed a similar derepressive effect. The presence of a uORF can have an inhibitory effect on main ORF translation, regardless of its peptide function, if the uORF is translated and ribosomes dissociate after translation. It is likely that the fs mutant version of the *At5g27920* and *OTLD1* CPuORFs had a repressive effect to some extent by this mechanism. By contrast, the results shown in Figure [3A--C](#F3){ref-type="fig"} suggest that, for *ANAC082, CIPK6* and *At3g15430*, the presence of the fs mutant CPuORF had little or no effect on main ORF translation. One possibility to explain this observation is that translational initiation efficiencies of these CPuORFs are low and therefore most scanning ribosomes bypass these CPuORFs. Another possibility is that ribosomes that had translated these CPuORFs efficiently reinitiate translation at the main ORF. However, this latter possibility is unlikely, because reinitiation efficiency depends on the length of the uORF, and the *ANAC082, CIPK6* and *At3g1543 0* CPuORFs, whose sizes are 114, 99 and 147 nt, respectively, are too long for efficient reinitiation to occur ([@B41]). By contrast, the former possibility is more likely for the following reason. In *A. thaliana*, a purine (A or G) at position −3 and a guanine at position +4, where the A of AUG is defined as +1, are the optimal context for efficient translation initiation ([@B62],[@B63]), as established in mammals by Kozak ([@B52],[@B53]). The initiation contexts of the *At5g27920* and *OTLD1* CPuORFs are partially consistent with the optimal context, whereas those of the *ANAC082* and *At3g15430* CPuORFs are completely inconsistent with the optimal context (Figure [1](#F1){ref-type="fig"}). Although the initiation context of the *CIPK6* CPuORF is consistent with the optimal context, another uORF overlaps with the CPuORF and has its start codon upstream of the CPuORF (Figure [1](#F1){ref-type="fig"}, Supplementary Figure S1E); therefore, it is likely that the presence of the overlapping uORF reduces translation initiation efficiency of the *CIPK6* CPuORF. In addition, the former possibility is also supported by the observation that, in the *Saccharomyces cerevisiae CPA1* uORF, whose translation initiation efficiency is low ([@B64]), a missense mutation impairing the regulatory function of the uORF peptide showed a similar derepressive effect to removal of the uORF start codon in yeast cells ([@B65]). It has been shown *in* *vitro* that scanning ribosomes frequently bypass the *CPA1* uORF and reach the main ORF start codon, and that they are blocked when ribosome stalling occurs at the uORF in response to arginine ([@B64]).

The main ORFs regulated by the five newly identified sequence-dependent uORFs encode proteins involved in the control of gene expression or protein activity. *ANAC082* encodes a NAC (NAM, ATAF1,2 and CUC2) domain-containing transcription factor. *CIPK6* encodes a serine/threonine protein kinase that modulates the activity of a potassium channel, AKT2 ([@B66]), and is involved in the response to salt and osmotic stresses ([@B67]). *At3g15430* encodes a protein related to the mammalian regulator of chromosome condensation, RCC1, which is the Ran guanine-exchange factor that regulates nuclear transport and mitotic spindle formation ([@B68]). *At5g27920* encodes an F-box family protein. *OTLD1* encodes an otubain-like histone deubiquitinase, which is involved in transcriptional repression via histone deubiquitination ([@B69]). Among the previously reported eukaryotic regulatory nascent peptides whose regulatory roles have been elucidated, many of them control the expression of metabolic enzyme genes and act in feedback regulation of the metabolic pathways ([@B15]--[@B17],[@B34],[@B44]). By contrast, the genes regulated by the uORF peptides identified in this study do not include any metabolic enzyme genes. The five newly identified regulatory uORF peptides had an inhibitory effect under normal culture conditions; therefore, these uORF peptides are likely to repress main ORF expression constitutively or in response to a metabolite that is present at a sufficient level in MM2d protoplast cells cultured under normal conditions. Even in the case where the uORF-encoded peptides always repress main ORF expression when the uORFs are translated, these uORFs can be involved in conditional regulation of gene expression if the translational initiation efficiencies of these uORFs are conditionally modulated. Such conditional modulation of translational initiation efficiencies of sequence-dependent regulatory uORFs has been reported in the human *CHOP* and *A. thaliana AdoMetDC1* genes. In the *CHOP* gene, scanning ribosomes frequently bypass the sequence-dependent inhibitory uORF under endoplasmic reticulum stress condition, and thereby translation of the main ORF is enhanced ([@B70]). In the *A. thaliana AdoMetDC1* gene, an overlapping uORF, whose start codon is located upstream of the sequence-dependent inhibitory uORF, was suggested to be involved in polyamine-responsive modulation of the translational initiation efficiency of the inhibitory uORF ([@B44]). As mentioned above, there is also an overlapping uORF upstream of the *CIPK6* CPuORF (Figure [1](#F1){ref-type="fig"}, Supplementary Figure S1E). The size of the overlapping uORF and its position relative to the CPuORF are evolutionarily conserved. Additionally, it has been suggested that expression of the chickpea *CIPK6* ortholog is regulated in response to salt stress at both the transcriptional and post-transcriptional level ([@B71]). Therefore, the *CIPK6* uORFs might be involved in the post-transcriptional regulation in response to salt stress.

CONCLUSIONS {#SEC5}
===========

The present study showed that at least five of the 16 CPuORFs tested encode regulatory peptides. In *A. thaliana*, 43 homology groups of CPuORFs have been identified ([@B19],[@B21],[@B23]) and two of them have been reported to exert a peptide sequence-dependent effect on main ORF expression ([@B44],[@B46]). If the remaining CPuORFs contain peptide sequence-dependent regulatory uORFs at the same ratio as seen in this study, there would be at least 15 homology groups of sequence-dependent regulatory uORFs in the *A. thaliana* genome. As mentioned above, it is possible that the CPuORFs that showed only weak or no significant effect in this study may exert a strong effect under certain conditions. If that is the case, even higher numbers of sequence-dependent regulatory uORFs would exist in the *A. thaliana* genome. In addition, the genes regulated by the peptide sequence-dependent uORFs identified in this study comprise a variety of regulatory genes. Thus, this study suggests that uORF peptide-mediated gene regulation is more prevalent than previously thought and is involved in the control of a wide variety of genes. Further studies on the regulatory roles of the identified uORFs will reveal novel roles of the uORF-encoded regulatory peptides.

SUPPLEMENTARY DATA {#SEC6}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv018/-/DC1) are available at NAR Online.
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